Motivated by a model of pseudo-Majoron dark matter, we show how the breaking of a global symmetry that acts nontrivially in lepton generation space can lead to a viable pseudo-familon dark matter candidate. Unlike the pseudo-Majoron, the pseudo-familon in our model decays primarily to charged leptons and can account for the excess observed in the cosmic ray electron and positron spectra. * cdcaro@wm.edu
I. INTRODUCTION
The compelling evidence for non-baryonic dark matter has motivated a vast literature on possible dark matter candidates. Successful models must lead to the correct relic density, as required, for example, by the observed rotation curves of galaxies. However, depending on what other phenomena one wishes to explain by the presence of dark matter, the details of viable scenarios can differ substantially from model to model. In the present work, the phenomena we will attribute to the presence of dark matter is the striking rise in the cosmic ray positron fraction, from approximately 7 to 100 GeV observed in the PAMELA experiment [1] and the apparent excess in the total electron and positron flux, up to about ∼ 1 TeV, as measured by Fermi-LAT [2] and H.E.S.S. [3] . While the discrepancy between the observed spectra and predicted backgrounds might have a purely astrophysical origin (for example, if nearby pulsars are present [4, 5] ), dark matter annihilation [6] or decays [7] can also provide a source for the excess electron and positron flux. (A recent review of the literature can be found in Ref. [8] .) In models with dark matter that is not exactly stable, fits to the data suggest that the dark matter must decay primarily to leptons and have a lifetime of O (10 26 ) s.
Among the many interesting proposals for dark matter candidates in the recent literature is one in which a pseudo-Majoron is identified as the dark matter candidate [9] . The Majoron is a goldstone boson of spontaneously broken lepton number and the pseudo-Majoron is the pseudo-goldstone boson that is obtained when the same spontaneously broken global symmetry is also explicitly broken by a small amount. In the model of Ref. [9] , the explicit breaking is accomplished via soft terms in the scalar potential, and the sense in which this breaking is small is that the mass scale of these terms is much smaller than the scale at which lepton number is spontaneously broken. Although the Majoron can decay to standard model neutrinos, the lifetime is extremely long, due to the high-scale associated with the breaking of the global symmetry. While we will argue that the soft symmetry-breaking terms assumed in the original pseudo-Majoron proposal do not lead to a viable model, we also show how this difficulty can be overcome. Hence, the Majoron can serve as a dark matter candidate and perhaps also provide detectable signals in neutrino telescopes.
The model of Ref. [9] , however, is not one which can account for the cosmic ray electron and positron excess. Here, we will show that it is possible to construct a similar model
Charges: +4 −4 +4 −4 0 1 0 in which the dark matter candidate is also the pseudo-goldstone boson of a spontaneously broken approximate global symmetry, but one which leads to couplings of the dark matter candidate to charged leptons rather than neutrinos. Unlike lepton number (which treats all generations of leptons identically) our global symmetry will not. Hence, the dark matter candidate that we propose here is technically a pseudo-familon, at least as far as the lepton sector is concerned. The model we discuss in the next sections provides an existence proof that pseudo-familon dark matter is a viable possibility that can accommodate the cosmic ray data.
II. THE MODEL
We assume the existence of global symmetry G = U(1) that acts nontrivially in lepton generation space. The charge assignments of the fields are summarized in Table I . Notice that the global symmetry distinguishes charged leptons of the third generation from those of the other two. The complex scalar field φ has charge +1 and its vacuum expectation value (vev) completely breaks the symmetry
The standard model Higgs doublet H is neutral under G and plays its conventional role in electroweak symmetry breaking and the generation of fermion masses.
The spontaneous breaking of the global symmetry leads to a goldstone boson ϕ, which we shall identify via the conventional nonlinear field redefinition The symmetry G partly restricts the lepton Yukawa couplings. The charged lepton
indicates that Y L must have the global charges
The entries with non-vanishing charges arise via higher-dimension operators, so that at lowest order
where the a ij and b ij are coefficients that are at most O(1), and Λ is the lepton flavor scale, the scale at which the higher-dimension operators are generated. This form clearly can parametrically accommodate the charged lepton Yukawa couplings. However, one can do better: the breaking of additional symmetries can provide an explanation for the charged lepton mass hierarchy. For example, consider a Z 6 flavor symmetry under which the three generations of right-handed charged leptons transform as e
R , for i = 1 . . . 3, where ω 6 = 1. Then given a flavon field φ F → ωφ F , one would find instead 
and the ϕ ℓ In the pseudo-Majoron dark matter model, the Majoron decay amplitude is proportional to neutrino masses, which accounts for the longevity of the dark matter candidate. One might naively expect that a generic familon in the charged lepton sector would decay too quickly, due to the much larger charged lepton masses, to be a viable dark matter candidate. The crucial feature of the model we have presented is that our familon couplings are proportional to off-diagonal elements of the charged lepton mass matrix. These elements can be arbitrarily small, leading to the long dark matter lifetime required by the cosmic ray data.
Neutrino masses in the model arise via the see-saw mechanism. The Dirac and Majorana mass terms are defined by Higgs portal couplings for a scalar dark matter candidate, the authors of Ref. [9] argued that the appropriate relic density could readily be achieved.
This argument, however, is not correct. Using the nonlinear redefinition of φ, Eq. . The absence of couplings that are unsuppressed by the high scale v φ implies that one cannot achieve a sufficient annihilation cross section via the couplings in the U (1) invariant sector of the theory.
The previous observations suggest that the desired Higgs-portal couplings must arise in the soft-symmetry breaking sector of the theory. As in Ref. [9] , we assume that the global symmetry is an approximate one due to the existence of renormalizable interactions with mass dimension three or less that explicitly break the symmetry. Such interactions must provide for an adequate dark matter mass and annihilation cross section, while not leading to rapid dark matter decays. To obtain the dark matter mass scale that is suggested by the cosmic-ray data, we take the new dimensionful couplings to be TeV-scale in size. The familon ϕ is nonetheless correctly categorized as a pseudo-goldstone boson since the ratio of the scales of explicit to spontaneous symmetry breaking is small, (10 3 GeV)/(10 17 GeV) ∼ 10 −14 . The simplest way to allow for unsuppressed couplings that lead to dark matter annihilation is to introduce a real scalar singlet S 0 and the CP-invariant symmetry-breaking terms m 
where the dimensionful parameters shown are TeV-scale in size. Generically, S and h will mix, so that the familon can annihilate to standard model particles via the s-channel exchanges of both mass eigenstates. A complete study of the allowed parameters space that yields the correct relic density is beyond the scope of his letter (a detailed study of a similar sector can be found in Ref. [11] ). Here we will focus on a well motivated limit: For a Higgs boson that is very similar to that of the standard model, the h-S mixing should be small.
If the singlet is an order of magnitude heavier than the Higgs (i.e., similar in mass to the familon), then we would expect this to be a reasonable approximation. With mixing effects 1 Of course, one may obtain scalar decay channels via diagrams involving the extremely small ϕ ℓ + ℓ − couplings which violate this Z 2 . However, these decays can be neglected since their branching fractions are loop suppressed relative to the leading modes discussed earlier.
neglected, one sees that the interactions in Eq. (3.1) nonetheless lead to the dark matter annihilation channel ϕϕ → hh, via s-channel exchanges of the singlet S. The annihilation cross section is given by
where the singlet width, for m S < 2 m ϕ , is given by
For example, for the parameter choices m ϕ = 2 TeV, m S = 3.5 TeV, m 2 = 2.5 TeV, µ = 2.0 TeV and m h = 125 GeV, we find that the freeze out condition
is the equilibrium number density, σv is the thermally averaged annihilation cross section and T f is the freeze out temperature; we find that this leads in turn to the present dark matter density Ω D h 2 ≈ 0.1, as desired 2 . This example demonstrates that there are regions of the full parameters space of the model where the appropriate dark matter relic density can easily be obtained.
IV. COSMIC RAYS
The branching fractions for the leading familon decay channels are determined by the couplings B 13 and B 23 in Eq. (2.9), i.e.,
where P R = (1 + γ 5 )/2, and are given by
Since the total must sum to one, we can parameterize Eq. (4.2) in terms of the branching 0 ≤ f ≤ 1/2. Hence the dark matter mass m ϕ , lifetime τ ϕ and the value of the parameter f determines the contribution from dark matter decays to the cosmic ray spectra. We compute the energy distribution of cosmic ray electrons or positrons using PYTHIA 6.4 [13] ; when more than one decay channel is possible
where (dN e ± /dE) ij is the energy spectrum obtained given the primary decay ϕ → ℓ Ref. [14] ; we refer the reader to this reference for a detailed discussion. An example of typical results that can be obtained in the model are shown in Fig. 1 . Here we have fixed the parameter f at 0.375 and have performed a least-squares fit to determine the optimal values of m ϕ and τ ϕ . Note that the "step" in the predicted total flux around 1 TeV is due to the admixture of e ± τ ∓ in the primary decay, which contributes electrons and positrons of a fixed injection energy, ≈ m ϕ /2, to the spectrum. In the example shown, this feature is within the total experimental uncertainty of the data in this region, and can be made smaller for larger values of f .
V. CONCLUSIONS
Pseudo-Majoron dark matter is an interesting proposal that cannot account for the anomalies in the cosmic ray electron and positron spectra. We have shown that the breaking of a global symmetry that acts nontrivially in lepton generation space can lead to a viable dark matter candidate that does decay primarily to charged leptons. The long lifetime of the pseudo-familon dark matter candidate in the model we have proposed is related to the smallness of off-diagonal entries in the charged lepton Yukawa matrices; no phenomenological consideration prevents these entries from being small, an outcome that is realized due to the symmetries, charge assignments and the choice of mass scales in our model. We have argued that unsuppressed Higgs-portal couplings can arise via soft symmetry-breaking terms involving a gauge singlet scalar, so that the correct pseudo-familon relic density can be achieved. We have shown also that the predicted cosmic ray e ± spectra can fit the current data from the Fermi-LAT, PAMELA and H.E.S.S experiments. The model we have presented serves as a proof of principle; a more elegant implementation within a comprehensive framework for the origin of lepton flavor is a direction worthy of investigation.
